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We demonstrate a hybrid architecture consisting of a quantum dot circuit coupled to a single
mode of the electromagnetic field. We use single wall carbon nanotube based circuits inserted in
superconducting microwave cavities. By probing the nanotube-dot using a dispersive read-out in
the Coulomb blockade and the Kondo regime, we determine an electron-photon coupling strength
which should enable circuit QED experiments with more complex quantum dot circuits.
PACS numbers: 73.23.-b,73.63.Fg
An atom coupled to a harmonic oscillator is one of the
most illuminating paradigms for quantum measurements
and amplification[1]. Recently, the joint development of
artificial two-level systems and high finesse microwave
resonators in superconducting circuits has brought the
realization of this model on-chip[2, 3]. This ”circuit
Quantum Electro-Dynamics” architecture allows, at least
in principle, to combine circuits with an arbitrary com-
plexity. In this context, quantum dots can also be used
as artificial atoms[4, 5]. Importantly, these systems often
exhibit many-body features if coupled strongly to Fermi
seas, as epitomized by the Kondo effect. Combining such
quantum dots with microwave cavities would therefore
enable the study of a new type of coupled fermionic-
photonic systems.
Cavity quantum electrodynamics[6] and its electronic
counterpart circuit quantum electrodynamics[1] address
the interaction of light and matter in their most simple
form i.e. down to a single photon and a single atom
(real or artificial). In the field of strongly correlated elec-
tronic systems, the Anderson model follows the same pu-
rified spirit[7]. It describes a single electronic level with
onsite Coulomb repulsion coupled to a Fermi sea. In
spite of its apparent simplicity, this model allows to cap-
ture non-trivial many body features of electronic trans-
port in nanoscale circuits. It contains a wide spectrum
of physical phenomena ranging from resonant tunnelling
and Coulomb blockade to the Kondo effect. Thanks
to progress in nanofabrication techniques, the Anderson
model has been emulated in quantum dots made out of
two dimensional electron gas[8], C60 molecules[9] or car-
bone nanotubes[10]. Here, we mix the two above situa-
tions. We couple a quantum dot in the Coulomb blockade
or in the Kondo regime to a single mode of the electro-
magnetic field and take a step further towards circuit
QED experiments with quantum dots.
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FIG. 1: a. Schematics of the quantum dot embedded in the
microwave cavity. The transmitted microwave field has dif-
ferent amplitude and phase from the input field as a result of
its interaction with the quantum dot inside the cavity. The
quantum dot is connected to ”wires” and capacitively coupled
to a gate electrode in the conventional 3-terminal transport
geometry. b. Scanning electron microscope (SEM) picture
in false colors of the coplanar waveguide resonator. Both the
typical coupling capacitance geometry of one port of the res-
onator and the 3-terminals geometry are visible. c. False
colours SEM picture of a SWNT dot inside an on-chip cavity
embedded in a schematics of the measurement setup.
Low frequency charge transport in quantum dots in
the Coulomb blockade or Kondo regime has been studied
with exquisite details[10, 11]. However, their dynamic
aspects have remained to a great extent unexplored so
far. Previous studies have tackled the problem in terms
of photo-assisted electron tunnelling[12, 13]. Here, we
focus on the dispersive effect of the quantum dot on the
microwave field. In order to enhance the electron-photon
interaction which would be otherwise too small to be de-
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2tected, we place our quantum dot circuit inside an on-
chip microwave cavity as depicted in figure 1a. One im-
portant aspect of our approach is the implementation of
”wires” which go inside the cavity (see figure 1). A source
(S) and a drain (D) electrode are used to drive a DC cur-
rent through the quantum dot. A gate electrode (G) is
used to control in situ the position of the energy levels on
the dot. At the same time, a microwave continuous signal
in the 4-8GHz range is sent to one port of the cavity and
amplified through the other port. Both quadratures of
the transmitted signal are measured. The temperature of
the experiment is 1.5K. As shown in figure 1b and 1c, we
use single wall carbon nanotubes (SWNTs) embedded in
superconducting microwave on-chip cavities in order to
implement the model situation of figure 1a. SWNTs are
ideally suited to implement the kind of experiments we
discuss here. They can be contacted with normal[10],
superconducting[14–16] or ferromagnetic[17, 18] materi-
als to form various kinds of hybrid systems. Here, we
investigate the most simple case i.e. a single quantum
dot connected to two normal metal leads and capacitively
coupled to a side gate electrode, as shown in figure 1c.
However, our scheme can readily be generalized to more
complex circuits like double quantum dots.
The phase of the microwave signal transmitted through
the cavity is particularly sensitive to the presence of the
quantum dot circuit. Figure 2a displays the color scale
plot of the low frequency differential conductance of one
particular device as a function of the source-drain volt-
age Vsd and the gate voltage Vg. We observe the charac-
teristic ”Coulomb diamonds” with resonant lines in the
Vsd−Vg plane as well as the characteristic ”Kondo ridge”
at zero bias from Vg = −2.5V to Vg = −2.0V , signalling
the emergence of the Kondo effect. As shown in figure 2c
in black line, the conductance for Vg = −2.32V peaks up
to 0.75 × 2e2/h, which is close to its maximum possible
value 2e2/h. The corresponding variations of the phase
of the microwave signal in the vicinity of the cavity res-
onance, at 4.976 GHz, are displayed as a function of Vsd
and Vg in the color scale plot of figure 2b. Essentially all
the spectroscopic features observed in the conductance
are visible in the phase spectroscopy. In particular, a
similar peak at zero bias as in the DC conductance is ob-
served as shown in red line in figure 2c. It corresponds to
a variation of about 2.10−3rad which is not proportional
to the DC conductance in general as shown in figure 2c.
The observation of the Kondo resonance in the phase of
the microwave signal shows that the fermionic and pho-
tonic systems are coupled. Our Kondo dot-cavity sys-
tem has to be described by an extension of the Ander-
son model, known as the Anderson-Holstein model which
has been devised to treat quantum impurities coupled
to phonons. Our ”photonic” Anderson-Holstein hamilto-
nian reads : H = Hdot +Hcav + (λKNˆK + λK′NˆK′)(aˆ+
aˆ†) with λK(K′) and NˆK(K′) respectively, the electron-
photon coupling constant and the number of electrons for
FIG. 2: a. Color scale plot of the differential conductance
in units of 2e2/h measured along three charge states exhibit-
ing the conventional transport spectroscopy. A Kondo ridge
is visible at zero bias around Vg = −2.3V . b. Color scale
plot of the phase of the microwave signal at f = 4.976 GHz,
measured simultaneously with the conductance of figure 2a.
c. Differential conductance and phase of the transmitted mi-
crowave signal at f = 4.976 GHz as a function of source drain
bias Vsd for Vg = −2.32V .
each K(K’) orbital of the nanotube-dot (which arise from
the band structure of nanotubes), aˆ being the photon
field operator. The coupling constants λK(K′) arise from
the capacitive coupling of the nanotube energy levels to
the central conductor of the cavity. The terms Hdot and
Hcav are the standard Anderson hamiltonian of a single
energy level coupled to fermionic reservoirs and the stan-
dard hamiltonian of a single photon mode coupled to a
photonic bath. As shown in figure 3a, the capacitive cou-
pling between the cavity and the dot induces oscillations
of the electronic level. There is also an indirect coupling
through oscillations of the bias between source and drain,
as indicated by the dashed lined edges of the Fermi seas in
figure 3a. The resonator allows to probe both the disper-
sive and the dissipative response of the dot. Therefore,
both the frequency and the width in energy of the bosonic
mode are affected by the mutual interaction between the
electronic and photonic systems. Since our cavity con-
tains a large number of photons (about 10000 at−60dBm
of input power), it is justified to use classical electrody-
namics to describe the coupled systems. The circuit el-
ement corresponding to the quantum dot has a complex
admittance Ydot(ω), following the spirit of the scattering
theory of AC transport in mesoscopic circuits[19, 20]. To
leading order with respect to the energy scales of the
dot, one gets Ydot(ω) ≈ α/Rdot + jCdotω. The dissipa-
tive part is proportional to the differential conductance
1/Rdot of the dot and stems from the residual asymmetric
AC coupling of the leads S and D to the cavity. The re-
active part Cdot corresponds to a capacitance. As shown
in figure 3a, we model the resonator as a discrete LC-
circuit with a damping resistor R (in red) coupled via
3coupling capacitors (in green) to external leads. The
corresponding frequency broadening and frequency shift
read δfD ≈ α/(2CresRdot) and δfR ≈ −Cdotf0/(2Cres)
respectively, where f0 is the resonance frequency and
Cres is the capacitance of the resonator. Figure 3b shows
how to directly measure δfD and δfR. The top panel
displays the expected variations of the phase close to a
single resonance when a finite δfD or δfR are included
(in red and blue respectively). The reference curve (for
δfD = δfR = 0) is in black dashed lines. The lower
panel shows that, subtracting the reference curve, a finite
δfD affects the odd part of the phase contrast curve (in
red) whereas δfR affects its even resonant part (in blue).
From these curves, δfR and δfD can be directly mea-
sured from the area of the blue curve and the area of half
of the red curve, respectively. The corresponding exper-
imental curves are shown in figure 3c for Vg = −2.44V
(on the Kondo ridge), taking the point Vg = −1.85V
and Vsd=0mV as a reference. We observe a resonance
at 4.976GHz with a quality factor of about 160 for the
even part in blue. The oscillations of the odd part in red
correspond to residual imperfections of our amplification
line. We measure directly δfR and δfD by integrating the
whole blue curve and half of the red curve (the positive
part)
FIG. 3: a. Capacitive coupling of the quantum dot to the
cavity. Both the fermionic leads and the quantum dot are
coupled to the resonator, resulting in an AC modulation of
both Vsd and Vg (shadings). b. Upper panel, the signature
of dispersion and dissipation to frequency dependence of the
microwave signal phase for a standard resonance. Reference
resonance (black dotted), shifted by δfR (blue) as a result of
dispersion and broadened by δfD (red) as a result of dissi-
pation. Lower panel : the even part (in blue) and odd part
(in red) as a function of frequency. The area under the blue
curve is proportional to δfR and the area of half the red one
is proportional to δfD. c. Even and odd parts of the phase
contrast δφ as a function of frequency on the coulomb peak
at Vg = −2.44V on the spectroscopy of figure 2. The even
part exhibits a resonance centered on f = 4.976GHz. The
odd part shows residual modulation due to imperfection in
the measurement lines.
We now focus on Cdot. This quantity is a direct mea-
surement of the charge susceptibility of the electronic
system. For a single particle resonance with width Γ ,
the scattering theory[19, 20] predicts Cdot = 2e
2/piΓ at
resonance, which amounts to re-expressing the spectral
density of the single energy level coupled to the fermionic
leads in terms of a quantum capacitance. If electron
correlations are present, the situation changes. In the
Coulomb blockade regime as well as in the Kondo regime,
on expects a reduction of the capacitance on a peak with
respect to that of a single particle resonance with the
same width [24, 25].
FIG. 4: a. Color scale plot of the even part of the phase
contrast δφ of two Coulomb peaks as a function of the gate
voltage Vg and the frequency of the microwave signal in the
vicinity of the cavity resonance. δφ is taken with respect to a
reference phase in the empty orbital at Vg = 2.4V . b. Gate
dependence of the reactive (blue dots) and the dissipative (red
dots) parts of the dot response extracted respectively from the
area under the even part (figure 4a) and the area under half
of the corresponding odd part. Formulae of the main text for
δfR (blue line) and δfD (orange line)give C0 = 18aF , α =
0.003. Comparison with EOM theory (dashed dark green)
and Bethe ansatz (dashed purple). c. Color scale plot of the
even part of the phase contrast δφ of the Kondo spectroscopy
shown in figure 2 as a function of the gate voltage Vg and
the frequency f. The line cut corresponds to the curves of
figure 3c. d. Gate dependence of the reactive (blue dots) and
the dissipative (red dots) parts of the dot response extracted
respectively from the area under the even part (figure 4c) and
the area under half of the corresponding odd part. Formulae
of the main text for δfR (blue line) and δfD (orange line) give
C0 = 22aF , α = 0.004
The measured even part of the phase contrast as a
function of frequency and gate voltage are presented in
figure 4a and c in color scale. We investigate both the
Coulomb blockade (left panels) and the Kondo regime
(right panels) for the same device by tuning it in different
gate regions. The point at Vg = 2.4V (Vg = −1.85V ) and
Vsd=0mV is our phase reference for the Coulomb block-
ade and the Kondo regime respectively. The Coulomb
blockade peaks (transport spectroscopy not shown) are
visible as two elongated pink spots in the f − Vg plane
centered at 4.976GHz which span over 50 MHz. The
measured δfR and δfD are shown in figure 4b in blue
and red dots respectively. They modulate like Coulomb
4blockade peaks up to 15kHz and 5kHz respectively. The
dispersive shift δfR can be directly translated into a ca-
pacitance from f0 = 4.976GHz and Cres = 0.7pF , which
are known from our setup. A comparison with the scaled
conductance is shown in blue line using the expression
C0f0/(2Cres)× dI/dV × h/2e2 for δfR with C0 = 18aF .
Whereas the Coulomb peaks are well taken into account,
this empirical formula fails to account for the Coulomb
valley. The electron-photon coupling strength can be di-
rectly evaluated from these measurements. Indeed, the
expected capacitance change for the quantum dot can
be calculated using an Equation of Motion technique
(EOM) for the Green’s functions. It can also be eval-
uated using the Bethe Ansatz on the Coulomb peaks
at T = 0. Therefore, the measured capacitance change
∆Cdot of the dot is directly related to the calculated Cth
one by ∆Cdot = α
2
ACCth [25]. The couplings λK(K′)
in our on-chip Anderson-Holstein Hamiltonian can be
calculated from λK(K′) = eαACVrms. In the above ex-
pression, Vrms corresponds to the rms voltage of a sin-
gle photon in the cavity mode[2] and e to the elemen-
tary charge. As shown on figure 4b, the EOM theory, in
green dashed lines, accounts well for our measurements
and agrees well on the peaks with the Bethe ansatz re-
sult [25]. From this, we extract αAC ≈ 0.3, which leads to
λK(K′) ≈ 140MHz. The Kondo ridge of figure 2 is visible
as two merged elongated pink spots. The corresponding
measured δfR and δfD are shown in figure 4d. They
both modulate up to 30kHz and 60kHz respectively as
the gate voltage sweeps the energy levels of the dot. In
particular, we extract Cdot of 16aF for the Kondo ridge at
Vg = −2.32V . This allows us to provide another estimate
for λK(K′) from λK(K′) ≈ eVrms
√
Cdot/CKondo. We use
CKondo = 4e
2/piTK ≈ 200aF as the upper bound of the
capacitance expected for the Kondo ridge, TK being the
full width at half maximum of the Kondo peak as mea-
sured from figure 2C. Consistently with the previous es-
timate, we get λK(K′) ≈ 140MHz. As expected[23], δfD
is well accounted for with α/(2RdotCres), with α = 0.004,
using the measured dI/dV = 1/Rdot (see orange line
in figure 4d, we present a similar curve in figure 4b for
α = 0.003 ). Interestingly, the empirical formula shown
in blue line for C0 = 22aF is in better agreement with the
measured δfR in the Kondo regime than in the Coulomb
blockade regime. Even though this might arise from non-
universal features of the Anderson Hamiltonian, the ob-
servation of a finite Cdot is consistent with the partic-
ipation of the K and K’ orbitals which naturally lead
to the high Kondo temperature observed here. Like for
singly occupied closed double quantum dots [26], a fi-
nite capacitance resembling the conductance is expected
if λK 6= λK′ due to the finite orbital susceptibility of the
dot in the Kondo regime[27].
In conclusion, our method can be generalized to many
other types of hybrid quantum dot circuits[28–30]. The
measured coupling is similar to the ones demonstrated
recently in superconducting circuits and can readily be
used to probe the quantum regime for the microwave
cavities. Generally, our findings pave the way to circuit
quantum electrodynamics with complex open quantum
circuits. They could be used for example to ”simulate”
on-chip other aspects of the Anderson-Holstein hamilto-
nian like polaronic effects.
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